Abstract: A garnet monolayer graphene depolarizer is prepared by chemical vapor deposition (CVD). The characterizations of graphene on garnet are distinguished by Raman spectroscopy and Atomic Force Microscope (AFM). The z-scanning polarization properties of an input linearly polarized beam are measured by Stokes polarimeter, which passes through the garnet monolayer graphene depolarizer. The results show that the garnet monolayer graphene depolarizes the polarized beam into similar natural light and the degree of polarization of the input linearly polarized beam can be reduced from 100% to 0.1%, while the garnet and garnet with bilayer graphene cannot depolarize the polarized light. This work presents an interesting result on depolarization effect based on graphene when a laser beam passes through in perpendicular direction of graphene.
Introduction
The optical devices of depolarizer can reduce the degree of polarization (DOP) of a laser beam, independent of the polarization state of the input light [1] - [5] . A linearly polarized light can be transformed into similar natural light with the help of depolarizer, and this property is very important for designing optical devices. The DOP of the laser beam can be converted from a uniform polarization state to a varying polarization state by spatial polarization state scrambler or pseudo depolarizer which consist of two birefringent wedges, whose crystal axes were crossed at 90° [6] . Ning et al. reported that a rough-surfaced retardation plate based on matrix theory can modulate the polarization properties of a laser beam, which propagated in free space [7] . Ragheb et al. proposed two InGaAsP/InP compact integrated optical depolarizer, and DOP of the output light sources was less than 0.1 [8] . Yoon et al. measured the polarization changing speed of a beam by a simple depolarizer [9] . Zhang et al. reported that a wedge-shaped cell filled with cholesteric liquid crystal material can be used as depolarizer, the depolarizer was easily built and insensitive [10] .
Garnet films can be widely used in data storage [11] , Faraday isolator [12] , polarization property micro-modulator [13] , and direct current or alternating current sensors [14] due to their excellent physical and structural properties. Z-scanning method was popular used to study nonlinear properties of different materials for its simplicity, high sensitivity, and high precision [15] , [16] . Wang theoretically analyzed and numerically demonstrated the influences of incident and polarization angles in the z-scan measurement [17] . The linearly polarized light was always used as the incidence beam in the Z-scanning system. There were less theoretical and experimental work investigated polarization effect of laser beams which went through depolarizer.
Some researchers have paid much attention on graphene as its exceptional optical and structural properties [18] . Bao et al. demonstrated a broadband fibre polarizer based on graphene, and showed strong s-polarization effects when a laser beam went through in parallel direction of graphene, due to the linear dispersion of Dirac electrons [19] . Zanini et al. discovered that the polarized properties of a polarized beam which went through in parallel or perpendicular direction of graphene were different [20] .
In this paper, a garnet graphene depolarizer are prepared by chemical vapor deposition (CVD) method, and characterized by Raman spectroscopy, Atomic Force Microscope (AFM), and Stokes polarimeters. The optical polarization properties of the linearly polarized light which passes through a garnet graphene depolarizer, in perpendicular direction, are investigated by Z-scanning method. Further, the optical polarization properties of the linearly polarized light which passes through a quarter wave plate are also studied to determine whether the output light is similar natural light, when the garnet and garnet monolayer graphene moves in the + z direction by the Z-scanning method.
Experimental Details

Preparation of Garnet Graphene
The garnet film (Granopt Co., Ltd) with a size of 0.39 mm × 3 mm × 3 mm is used as substrate. A garnet monolayer graphene and garnet bilayer graphene are prepared by CVD method. The growth processes of monolayer graphene are the following: first, loads the fused silica tube with a garnet, evacuates, back fill with H 2 , heats to 1000°C, and maintains a H 2 pressure of 5.33 Pa under the condition of 2 sccm flow for 60 min; second, heats the garnet substrate up to 1000°C, and introduces 35 sccm of CH 4 for 100 min at a total pressure of 66.67 Pa; then, after exposure to CH 4 , the furnace is cooled to room temperature. The bilayer graphene are prepared on garnet when the above processes are duplicated.
AFM and Raman Measurement
The monolayer and bilayer graphene grown on garnet are characterized by Nanoscope III Multimode AFM. Horiba JY Labram HR800 Raman spectrometer is used to identify the defects (D band), inplane vibration of sp2 carbon atoms (G band) and the stacking orders (2-D band) [21] , [22] .
Optical Polarization Measurement
The optical polarization properties of the linearly polarized laser beam which passes through garnet, garnet monolayer graphene or garnet bilayer graphene as a function of the sample position in the z direction are measured by the experimental setup system of Fig. 1(a) . As the thickness of the sample (garnet, garnet monolayer graphene, garnet bilayer graphene) is much smaller than the diffraction length of the linearly polarized focused laser beam. Research has shown that a lens can change the polarization properties of focused laser beam [23] . Therefore, the polarization properties of laser beam can be regarded as a function of focal length. In order to research the depolarization effect, the optical polarization properties of the linearly polarized laser beam which passes through the garnet, the garnet monolayer graphene or garnet bilayer graphenes, a quarter wave plate, in the +z direction are measured to determine whether the output light is similar natural light by the experimental setup system of Fig. 1(b) . A linearly polarized laser is used as an optical source with a wavelength of 1550 nm. The laser beam passes through the lens, the sample (the garnet or the garnet monolayer graphene or the garnet bilayer graphenes), and the quarter wave plate, detected by PAX5710IR3 Stokes polarimeters. The samples'position can be moved from −30 mm to +30 mm in the z direction, and the precision of the z-scanning setup is 0.01 mm.
Theory
The polarization properties of polarized beam can be characterized by Stokes parameters and nonstationary parameters [24] , [25] 
S t1 (r, t) = J xx (r, t) − J xx (r, t) = I x (r, t) − I y (r, t)
S t2 (r, t) = J xy (r, t) + J yx (r, t) = I α (r, t) − I β (r, t)
S t3 (r, t) = i[J yx (r, t) − J yx (r, t)] = I r (r, t) − I l (r, t).
The subscripts α, β relate to a coordinate system which rotates 45°. The subscripts r, l relate to right-circularly polarized and left-circularly polarized states. The Stokes parameter of polarized light, S t0 (r, t) is the total intensity of light; S t1 (r, t) is the intensity difference between horizontally polarized and vertically polarized light parts; S t2 (r, t) is the intensity difference between +45°and −45°p olarized parts; and S t3 (r, t) is the intensity difference between right-circularly and left-circularly polarized parts.
The DOP of a polarized laser beam can be got from the following equation:
trJ(r, t) = 1 − 4 det J(r, t) tr 2 J(r, t) = 2 trJ 2 (r, t) tr 2 J(r, t) − 1.
The DOP of a polarized laser beam can be different as function of time and space. The Stokes parameters S ti (r,t), i = 1,2,3 can be obtained from the following equation:
S ti (r, t) = S ti (r, t)/S t0 (r, t).
The DOP of a linearly polarized light can be represented geometrically by
ti (r, t). The DOP of linearly polarized light is determined by the position in space when the instant of time is fixed. The polarization parameters, such as Stokes parameters S 1 , S 2 , S 3 and DOP of a laser beam, are more sensitive to anisotropic structure variations of graphene layer overlapping, boundary defects, sheet wrinkles and structural differences between graphene and substrates [26] . The precipitation process of CVD synthesis is nonequilibrium, it is extremely difficult to control the layer number of graphene on garnet [27] . The bilayer graphene grown on garnet are disorganized. The value of depolarization can be affected by scattering, and therefore, the structure change of graphene can vary the optical polarization properties of the linearly polarized light which passes through a graphene, while the optical polarization properties of the linearly polarized light which passes through double layer graphene are basely unchanged as the double layer graphene are disorganized.
Results and Discussion
AFM of Monolayer and Bilayer Graphene
The micro-structure and grain sizes of the monolayer and bilayer graphene on garnet, observed by AFM, were shown in Fig. 2(a) and (b) . Fig. 2(a) shows the more detailed surface morphology with a 1 μm × 1 μm view of the monolayer graphene. The Root mean square (RMS) of monolayer graphene is 0.252 nm. The monolayer graphene is very flat. There are sparing particles on monolayer graphene. Fig. 2(b) shows the surface morphology with a 1 μm × 1 μm view of the bilayer graphene. There are spots and pores on bilayer graphene. The RMS of bilayer graphene is 0.313 nm. From Fig. 2(a) and (b) , it can be seen that the surface of garnet monolayer graphene is much flatter than that of garnet bilayer graphene, and therefore, the scattering effect of garnet monolayer graphene is very weak.
Raman of Monolayer and Bilayer Graphene
The two Raman spectra are recorded in the same experimental conditions. sp2 carbons atoms [28] , and the 2-D band derives from a two phonon double resonance Raman process [29] and indicates successful transfer to the garnet substrate.
Polarization Properties of Monolayer and Bilayer Graphene
The optical polarization properties of the linearly polarized light which passes through the garnet are obtained by PAX5710IR3 Stokes polarimeters, based on the man-made experimental setup system of Fig. 1(a) , are shown in Fig. 4 (red) , when the garnet moves in the z direction. The Stokes parameters of S 1 is about 1.0, while the Stokes parameters of S 2 and S 3 are about 0, respectively, shown in Fig. 4 . The DOP of the output polarized light is about 100%, and is basically unchanged when the garnet moves in the Z-scanning process. Therefore, the input and the output light are linearly polarized when the light passes through the garnet. The garnet film can not be used as depolarizer.
The optical polarization properties of the linearly polarized light which passes through the garnet monolayer graphene are measured by the Stokes polarimeters PAX5710IR3 based on the manmade experimental setup system of Fig. 1(a) are shown in Fig. 4 (black) , when the sample moves in the Z-scanning process. S 1 of Stokes parameters increases from S 1 = −1.0 (the garnet monolayer graphene moves from −30 mm to 0 mm in the Z-scanning process) to S 1 = 1.0 (the garnet monolayer graphene moves from 0 mm to 30 mm along the z direction). S 2 of Stokes parameters increases from S 2 = 0.2 (the garnet monolayer graphene moves from −30 mm to 0 mm in the Zscanning process) to S 2 = −0.2 (the garnet monolayer graphene moves from 0 mm to 30 mm in the Z-scanning process). S 3 of Stokes parameters increases from S 3 = −0.2 (the garnet monolayer graphene moves from −30 mm to 0 mm in the Z-scanning process) to S 3 = 0.2 (the sample moves from 0 mm to 30 mm in the Z-scanning process). The Stokes parameters value of S 1 , S 2 , and S 3 have great changes when the garnet monolayer graphene in the z = 0 mm position, while the Stokes parameters have variations when the garnet monolayer graphene is near the z = 0 mm position. The DOP decreases from 40% (the garnet monolayer graphene moves from −30 mm to −15 mm) to 0.1% (the garnet monolayer graphene is in the z = 0 mm position), when the garnet monolayer graphene moves from −15 mm to 0 mm. Then, the DOP increases from 0.1% (the garnet monolayer graphene is in the z = 0mm position) to 100% (the garnet monolayer graphene is in the z = 30 mm position). The value of DOP is smaller, the depolarizer is better [8] . Obviously, the optical polarization property of a linearly polarized light can be depolarized due to the interaction between light and the monolayer graphene, as the graphene film is predominantly single-layer graphene and in regular arrangements [18] . The garnet with mono graphene can reduce the DOP of the linearly polarized light, and therefore, this sample can be used as a depolarizer. Fig. 4 (blue) displays the relationship between the Stokes parameters and the position of the garnet bilayer graphene. The Stokes parameters of S 1 , S 2 , and S 3 are equal to 1.0, −0.14, and −0.03, respectively, and basically unchange when the garnet bilayer graphene moves from −30 mm to +30 mm in the Z-scanning process. The DOP equals to 95% and basically unchange when the sample moves in the Z-scanning process. Although, the graphene can be grown ideally from a single nucleation seed, the graphene grain boundaries are inevitably formed via stitching of graphene flakes and deteriorating the quality of graphene [30] . Therefore, the first layer graphene is neatly arranged, the second layer graphene is undisciplined with the first layer graphene, and the second layer graphene prepared on the garnet are not arranged in order. Therefore, the garnet with bilayer graphene can not modulate the DOP of polarized light.
As the depolarization effect of the garnet monolayer graphene only occurs in the +z direction, the optical polarization properties of the linearly polarized light which passes through the sample (garnet or garnet monolayer graphene), a quarter wave plate (see Fig. 1(b) ), are researched. From  Fig. 5 , it can be seen that the DOP of the linearly polarized light increases from 70% to 100%, when the linearly polarized light passes through the garnet and the quarter wave plate, and the sample moves in the +Z direction. Therefore, the linearly polarized light which passes through the garnet and the quarter wave plate is also linearly polarized.
From Fig. 5 , it displays that the DOP of the linearly polarized light increases from 6.3% to 100%, and the DOP of the linearly polarized light have the same trend, when the light passes through the garnet monolayer graphene, a quarter wave plate, and samples move from 0 mm to 30 mm. As we know, the linearly polarized light could be converted to the circularly polarized light when the linearly polarized light passes through a quarter wave plate, while the DOP of a natural light could not change. Therefore, the linearly polarized light which passes through the garnet monolayer graphene and the quarter wave plate is converted to similar natural light when garnet monolayer graphene moves in the +z direction.
When comparing the DOP of the output polarized light from Figs. 4 and 5, it can be seen that the garnet monolayer graphene could affect the DOP of the input linearly polarized light, and the linearly polarized light can be converted into similar natural light. However, the DOP of the polarized light can not be converted when the light passes through the garnet and the garnet bilayer graphenes.
Conclusion
In conclusion, monolayer and bilayer graphene are prepared on garnet by CVD method. The properties of graphene films are characterized by the Raman spectroscopy and AFM. The optical polarization properties of the linearly polarized light which passes through the garnet, the garnet monolayer or the garnet bilayer graphenes, a quarter wave plate, in the perpendicular direction, are also investigated. The results indicate that the garnet monolayer graphene can depolarize the DOP of the linearly polarized laser beam from 100% to 0.1%, when the position of the garnet monolayer graphene moves in the Z-scanning process, while the garnet and the garnet bilayer graphenes can not. This is very important for designing optical devices.
